To study the phylogeny and domestication of tetraploid wheat species, variations in nuclear DNA of the cultivated and wild species were investigated by RFLP analysis. Twenty-two accessions representing 11 species of cultivated tetraploid wheat (Emmer wheat and Timopheevi wheat), 16 accessions of wild Emmer wheat (Triticum dicoccoides Körn.), 14 accessions of wild Timopheevi wheat (T. araraticum Jakubz.), and an accession of common wheat (T. aestivum) were analyzed, using 29 combinations of two restriction enzymes and 20 probes. Based on this result, the genetic distances (d) between all pairs of accessions were estimated. An average d was 0.0189 in the Emmer group and 0.0024 in the Timopheevi group, while that between the groups was 0.0698. Cluster analysis using UPGMA, NJ (neighbor joining) and maximum parsimony method showed clear differentiation of Emmer wheat and Timopheevi wheat. Among the cultivated Emmer wheat T. dicoccum Schübl. showed the largest nucleotide diversity (π = 0.0180) which was close to that (0.0186) in the wild ancestral species, T. dicoccoides. All the cultivated species, except for T. dicoccum and T. paleocolchicum Men., were grouped into a distinct cluster in the phylogenetic trees. All but one accessions of T. dicoccoides were grouped in another. The large genetic diversity in T. dicoccum, the non-free threshing species, supports the archeological evidence that T. dicoccum was the earliest domesticated tetraploid wheat.
INTRODUCTION
Wheat is one of the most important cereal crops, providing a staple food for over one-third of the world population. The genus Triticum L. consists of a polyploid series of diploid, tetraploid and hexaploid species and is classified into four groups, i.e., Einkorn (genome constitution: AA, 2n = 14), Emmer (AABB, 2n = 28), Timopheevi (AAGG, 2n = 28) and common wheat (AABBDD, 2n = 42) (Sakamura, 1918; Sax, 1918; Lilienfeld and Kihara, 1934) . The A and D genomes of common wheat originated from Einkorn wheat and Aegilops squarrosa L., respectively (Kihara, 1924 (Kihara, , 1944 McFadden and Sears, 1946) . As for the origin of the B and G genomes, there is a general agreement that they were derived from species of the section Sitopsis of the genus Aegilops L. Genetic and morphological evidences clearly indicate that cultivated species of Einkorn, Emmer and Timopheevi groups were domesticated, respectively from the wild species Triticum boeoticum Boiss. (AA), T. dicoccoides Körn. (AABB) and T. araraticum Jakubz. (AAGG), respectively.
Cultivated Emmer wheat is polymorphic in morphological and physiological characters. For example, T. dicoccum Schübl. and T. paleocolchicum Men. are non-free threshing type and retain some primitive characteristics, while T. durum Desf., T. turgidum L., T. carthlicum Nevski and T. polonicum L. are more advanced and free threshing type. Emmer wheats have been important crops in Caucasia, Mesopotamia and Mediterranean. By contrast, only one cultivated tetraploid species, T. timopheevi Zhuk., is known in the Timopheevi group, which is a non-free threshing type and endemic to Georgia in the Transcaucasia (Jakubziner, 1959) . Domestication of wheat and barley was one of the most important steps toward the establishment of farming communities which later led to the civilization in Mesopotamia (Harlan, 1992) . Paleoethnobotanical studies suggested that significant association between wheat and human began in the Middle East more than 10,000 years ago (Zohary and Hopf, 1993) . According to them, wild Emmer wheat was collected by man long before its domestication. Remains of T. dicoccoides and wild barley, Hordeum spontaneum C., Koch were recovered from an Early EpiPaleolithic site dated 17,000 BC at the south shore of the Sea of Galilee (Kislev et al., 1992) . The earliest signs of cultivated Emmer wheat were obtained from the archaeo-logical sites of 8th millennium BC. The remains of T. dicoccum appeared in Tell Aswad in Syria, dated 7,800 -7,600 BC, but no wild Emmer wheats were found there (van Zeist and Bakker-Heeres, 1985 cited by Zohary and Hopf, 1993) . The remains of T. dicoccum also appeared in Tell Abu Hureyra that locates in north east Syria (Hillman, 1975, cited by Zohary and Hopf, 1993) and in Jerico (Hopf, 1983, cited by Zohary and Hopf, 1993) , both sites dating to about 7,500 BC. These findings suggest that cultivation of Emmer wheat was well under way in the Levant at the early 8th millennium BC (Zohary and Hopf, 1993) .
Recent studies on DNA polymorphism have provided new evidence for the phylogenetic relationship among the polyploid species of wheat. The analyses on chloroplast DNA Tsunewaki, 1982, 1988; Tsunewaki, 1989 Tsunewaki, , 1993 Miyashita et al., 1994; Wang, 1997) and mitochondrial DNA (Breiman, 1987; Graur et al., 1989; Terachi, 1990) have provided a clear vision of the maternal lineage. Nuclear DNA polymorphism has also become a useful and powerful parameter to measure the genetic diversity and differentiation in the genera Triticum and Aegilops (Dvořák et al., 1988; Dvořák and Zhang, 1990; Liu et al., 1990; Takumi et al., 1993; Castagna et al., 1994; Mori et al., 1995; Tsunewaki and Nakamura, 1995; Sasanuma et al., 1996) .
To understand intra-and inter-specific and intra-group variability we studied DNA variations in Emmer and Timopheevi wheat by RFLP analysis. Based on the results a possible phylogenetic relationship and domestication of tetraploid wheat species were discussed.
MATERIALS AND METHODS
Plant materials. Fifty two accessions, in total, of cultivated Emmer wheat, wild Emmer wheat (T. dicoccoides Körn.), cultivated Timopheevi wheat (T. timopheevi Zhuk.), and wild Timopheevi wheat (T. araraticum Jakubz.) were used for RFLP analysis (Table 1) . These tetraploid wheat species were originally collected at 49 sites in North Africa, Southern Europe, Middle East, Transcaucasia, and China, and provided by the Plant Germ-plasm Institute, Faculty of Agriculture, Kyoto University, Japan, and by the Institute of Evolution, Haifa University, Israel. One accession of common wheat, T. aestivum L. cv. Chinese Spring (CS) was used as control.
Plants were grown in a greenhouse at day-night temperatures of 25 -20°C. Total DNAs were isolated from oneweek-old leaf tissues (ca. 7 grams) according to Liu et al. (1990) .
Southern hybridization. Sixteen genomic and four cDNA clones were used as probes (Table 2 ). These probes were chosen to cover all the chromosomes in common wheat (Liu and Tsunewaki, 1991; Mori et al., 1995) .
The insert was excised from the plasmid and labeled with [α-32 P]dCTP to a specific activity higher than 1 × 10 9 dpm/ mg DNA by Random Primer kit (Boehringer Mannheim). After labeling, free deoxyribonucleoside triphosphates were removed by Sephadex G-50 column chromatography (Sambrook et al., 1989) . Ten micrograms of DNA per accession were treated with either BamHI or HindIII. The digests were electrophoresed through 0.85% agarose, blotted to nylon membrane (Hybond N + , Amersham) by alkaline blotting according to the supplier's instruction, and hybridized with the labeled probes. HindIII-treated lambda DNA (500 ng/lane) was used as molecular weight marker. After hybridization, membrane was washed once at 65°C with a solution containing 2× SSC and 0.1% SDS for 15 min and then with 0.1× SSC and 0.1% SDS for 30 min. Autoradiography was performed for 1 -10 days using intensifying screen and X-ray film (Fuji RX, Fuji Film).
Analysis of RFLP data. After autoradiography, each DNA fragment homologous to the probe DNA (hereafter referred to restriction fragment) was recorded as 0 (absence) or 1 (presence). The restriction fragments were detected using 29 probe-enzyme combinations. Numbers of total and common fragments were scored for all the accession pairs. From these values the genetic distance (d ij ) was estimated after Nei (1987) , where the subscripts i and j refer to the i-th and j-th accessions, respectively. An average d ij for all accession pairs in a species or a group is called nucleotide diversity (π), which is used to express the amount of polymorphism within a species or a group of interest (Nei, 1987) . Average genetic distances (d XY ) between species X and Y were also estimated by pooling all d ij between species X and Y. In addition, the net nucleotide substitutions (d A ) were estimated by the formula, d A = d XY -(π X + π Y ) / 2, where d XY , π X and π Y represent the average genetic distances between population X and Y and the nucleotide diversities for X and Y, respectively (Nei, 1987) .
For the construction of dendrograms showing the phylogenetic relationship among the accessions or the species, the following three methods were employed: the UPGMA (unweighed pair-group mean with arithmetical averages) method of Sneath and Socal (1973) , NJ (neighbor-joining) method of Saitou and Nei (1987) , and a maximum parsimony method of PAUP (Swofford,1993) . For the construction of parsimonious tree, the heuristic search was carried out 135 times. The collapse zero-length branches option was selected.
RESULTS
Intra-specific variation. HindIII-or BamHI-digested total DNAs were probed with genomic DNA clones and / or cDNA clones. Twenty nine probe-enzyme combinations were used to detect 3,366 restriction fragments. An example of Southern hybridization is shown in Figure 1 . By comparing the Southern hybridization patterns of all accessions, the total and common restriction fragments were Tanaka (1983) and Nevo et al. (1982) .
scored. The average of the total number of restriction fragments scored per tetraploid accession was 63.5 ± 4.7 with the range of 59 to 84.
To measure the extent of DNA polymorphism within each species or group, the nucleotide diversity (π) was estimated for T. dicoccoides, T. abyssinicum, T. dicoccum, T. durum, T. polonicum, T. turgidum, T. araraticum and T. timopheevi (Table 3) . Among these eight species, the wild Emmer wheat (T. dicoccoides) showed the largest π (0.0196). T. dicoccum, a cultivated Emmer wheat, showed the second largest π (0.0180), although only two accessions were studied. Nucleotide diversities in the wild and cultivated species of Timopheevi wheat were much smaller than in Emmer wheat: the estimated π for T. araraticum was 0.0048 and no polymorphism was found in two accessions of T. timopheevi. The intra-group diversity thus was much smaller in the Timopheevi group (0.0024) than in the Emmer group (0.0135).
Inter-specific variation. Average genetic distances (d XY )
were estimated between all pairs of Emmer, Timopheevi and common wheat, by taking the mean values of dij between each species ( Cluster analysis. Dendrograms were constructed that show the phylogenetic relationships among the 52 tetraploid wheat accessions and one of T. aestivum accession, using the three methods, i. e. UPGMA, NJ and a maximum parsimony. These trees assumed very similar structure, though they were constructed based on the different algorithms. The trees constructed by UPGMA and parsimony methods are shown in Figure 2 . A common feature was obtained in these trees: all accessions of Emmer wheat formed the cluster B, while all accessions of Timopheevi wheat formed the other cluster A. In the tree depicted by UPGMA, cluster B was further divided into three subclusters: all accessions of T. dicoccoides, except for the accession no. 202, formed a subcluster B1, and all accessions of the cultivated Emmer, except for T. dicoccum (no. 1001), formed another subcluster B2. T. aestivum (CS) was clustered with T. orientale (no. 1013) and T. carthlicum (no. 1021), forming the third subcluster B3. In the tree constructed by the maximum parsimony method, the exceptional accession of T. dicoccum (no. 1001) was clustered with other accessions of the cultivated Emmer wheat. In a tree based on NJ method, both of the two T. dicoccum accessions were clustered with T. dicoccoides (data not shown). There were no subclusters in which any wild species and cultivated species were mixed together, except for the above accessions of T. dicoccum (no. 1001) and T. dicoccoides (no. 202) . The exceptional accession of T. dicoccoides (no. 202) was morphologically intermediate between the wild and cultivated species. It had a semi-shattering spikes, i.e., it did not shatter individual spikelets like T. dicoccoides and the shape of the seed was rounder and thicker than T. dicoccoides. These observations indicate that this accession might have been derived from introgressive hybridization between T. dicoccoides and cultivated Emmer wheat. Among seven cultivated Emmer wheat accessions from Table 1 .
Ethiopia, six formed a sub-cluster ( Fig. 2a and 2b ; acc. no. 1008, 1012, 1014, 1017, 1022, and 1023) . All these accessions were the free threshing Emmer wheat. Only one exception was T. dicoccum (no. 1001), which is non-free threshing species and was grouped into a different subcluster ( Fig. 2a and 2b ).
DISCUSSION
Recent cytogenetic and molecular studies support the hypothesis by Kihara (1963) that Emmer and Timopheevi groups of wheat originated diphyletically. Studies of chloroplast and mitochondrial DNA variations in Triticum and Aegilops showed different maternal lineages of Emmer group and Timopheevi group and, therefore, suggested their independent origin (Mori et al., 1988; Miyashita et al., 1994; Terachi et al., 1990) . Jiang and Gill (1994) reported the presence of Timopheevi-specific cyclic chromosome translocations that is clearly different from translocations known in Emmer and Dinkel groups. From the RFLP data on polyploid species of wheat, Tsunewaki and Nakamura (1995) showed that the Emmer and common wheats formed a cluster that differed from the cluster of Timopheevi. Furthermore, study on the nuclear DNA variation using 56 accessions of T. dicoccoides and T. araraticum collected throughout their natural habitats revealed 4-fold higher intra-specific variation in the former than the latter (Mori et al., 1995) . Assuming the same mutation rate and the same effective population size of T. dicoccoides and T. araraticum, Mori et al. (1995) suggested much earlier origin of the former than the latter. In the present study, we showed that not only the wild species but also the cultivated species of Emmer wheat have much larger genetic diversity than Timopheevi wheat (Tables 3 and Fig. 2) . It was also shown that these two groups were genetically distinctive each other. Our results clearly favor the diphyletic origin of the Emmer and Timopheevi groups of wheat.
The paleoethnobotanical studies suggested that domestication of wheat started about 7,000 BC in the Fertile Crescent, and the early form of domesticated Emmer wheat was not a free-threshing type, probably T. dicoccum (for review, see Zohary and Hopf, 1993) . In cultivated Emmer wheat, only two species, T. dicoccum and T. paleocolchicum, are known as the non-free threshing forms. The former is still cultivated in countries of Europe, Middle East to India, but the latter is endemic in Georgia in the Transcaucasia (Jakubziner, 1959) . Natural distribution area of the wild Emmer, T. dicoccoides, covers Palestine, Southern Turkey, Northern Iraq and Western Iran but not Transcaucasia (Zohary and Hopf, 1993) . In this study, although only a few accessions of non-free threshing species were studied, two accessions of T. dicoccum (no. 1001 and 1002) and one of T. paleocolchicum (no. 1003) were placed in relatively diverse branches. A similar result was obtained by NJ method, in which T. dicoccum and T. paleocolchicum appeared in the cluster of T. dicoccoides accessions (data not shown). Among these two non-free threshing species, T. dicoccum showed the smallest genetic distance to T. dicoccoides (Table 4) . Furthermore, T. dicoccum showed the largest genetic diversity in all the cultivated Emmer wheat and it was nearly twice larger than the free threshing Emmer wheat (Table 3 ). All of these results strongly suggest that the earliest domesticated Emmer was T. dicoccum.
As the carbonized seeds of T. dicoccum were found in several geographically different archeological remains (for reviews, see Harlan, 1992; Zohary and Hopf, 1993) , the domestication of Emmer wheat might have started simultaneously in some different locations. In the cluster analysis with UPGMA, Emmer wheat was divided into three subgroups. All the cultivated Emmer wheat species were grouped in subcluster B2, except for two accessions (no. 1001 of T. dicoccum and no. 202 of T. dicoccoides), while all accessions of T. dicoccoides appeared in another subcluster B1 (Fig. 2) . A quite similar result was obtained by the maximum parsimony method (Fig. 2) and NJ method (data not shown). Nuclear DNAs of the cultivated Emmer wheat therefore are clearly differentiated from that of the wild species, T. dicoccoides. This clear separation of the wild and cultivated species raises an interesting hypothesis that the domestication events were limited. To test this hypothesis, it is necessary to study nuclear DNA variations using a larger number of T. dicoccum accessions collected from many different localities.
Studies on the vernacular names of wheat in Ethiopia show that Emmer wheat could be divided into two groups, i. e., one is the non-free-threshing species, T. dicoccum, and the other is the free threshing species like T. turgidum and T. durum (Fukui, 1971; Sakamoto and Fukui, 1972) . It was proposed that free threshing Emmer was introduced into Ethiopia by African Semitic tribe around 1,000 -400 BC, while T. dicoccum may have different history, e.g., it was introduced much earlier (Fukui, 1971) . Interestingly, the phylogenetic trees constructed in the present study showed that all five species of free threshing Emmer wheat in Ethiopia are closely related to each other and grouped into a single cluster, while T. dicoccum appeared in a
